Objective: Mazindol has been proposed as a potential treatment of children with attention deficit/hyperactivity disorder (ADHD). The purpose of this pilot study was to assess its pharmacokinetics, short-term efficacy, and safety. Subjects and methods: A total of 24 children (aged 9-12 years) with ADHD (according to the Diagnostic and Statistical Manual of Mental Disorders, fourth edition, text-revision criteria) received a daily dose of 1 mg for 7 days and were followed for 3 additional weeks. Pharmacokinetic samples were collected after the first administration. ADHD symptoms were assessed using the ADHD Rating Scale (RS)-IV, Conners' Parent Rating Scale -Revised: Long (CPRS-R:L) at screening, baseline, and the end of the study. The Clinical Global ImpressionSeverity (CGI-S) scale was assessed at baseline, and the CGI -Improvement (CGI-I) scale was assessed at subsequent visits. Results: Twenty-one subjects (aged 10±1 years) were analyzed. Pharmacokinetic data were described by a one-compartment model with first-order absorption, elimination, and lag time. The typical apparent clearance and apparent volume of distribution were 27.9 L/h and 234 L, and increased with fat-free mass and age, respectively. The mean change in score in ADHD RS-IV after 1 week of mazindol was -24.1 (P0.0001), greater than a 90% improvement from baseline. Reduction of CPRS-R:L and CGI-S scores were -52.1 (P0.0001) and -2.5 (P0.01), respectively. Adverse events were mild to moderate, decreased appetite and upper abdominal pain being the most common. Conclusion: This preliminary study shows that mazindol might be an effective, well-tolerated, and long-acting (more than 8 hours) agent for the treatment of ADHD in children.
Introduction
Attention deficit/hyperactivity disorder (ADHD) is a common neurobehavioral disorder of childhood, affecting 3%-12% of school-age children [1] [2] [3] [4] and characterized by developmentally inappropriate symptoms of inattention, hyperactivity, and impulsivity. 5, 6 Additionally, children present with an objectively abnormal daytime sleepiness. 7, 8 Current medications with the most evidence of efficacy in ADHD are stimulants. 9 However, some critical issues make their use controversial. Stimulants have a recognized abuse potential, and are under regulatory control. The length of action is short, and in immediate-release formulations is effective for only 3-4 hours (for methylphenidate) or 4-6 hours (for amphetamine). In controlled-release formulations, the length of action has been extended to 12 hours for both medications. The stimulants have side effects, mostly sleep and appetite disturbances, and potential detrimental effects on growth. 10 Deleterious cardiovascular effects, including arrhythmias, hypertension, and cardiomyopathy, were initially reported, primarily in patients with associated eric Konofal 1, 2 Wei Zhao [3] [4] [5] cédric laouénan [5] [6] [7] Michel lecendreux 1, 2 Florentia Kaguelidou [3] [4] [5] lila Benadjaoud 4 France Mentré [5] [6] [7] evelyne Jacqz-aigrain submit your manuscript | www.dovepress.com
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Konofal et al risk factors, [11] [12] [13] but this was not confirmed by long-term studies. 14 Here, we explore an alternative treatment strategy by using mazindol, a known catecholaminergic agonist with a greater consistency of drug delivery and a lower potential for abuse. Mazindol is a known imidazoisoindole derivative, not related to amphetamines or metabolized to an amphetaminelike compound, but it acts by blocking the dopamine and norepinephrine reuptake similarly to amphetamine. [15] [16] [17] Mazindol is metabolized primarily by hepatic conjugation, and eliminated through the kidney. 18 In order to investigate the potential new therapeutic use of mazindol in children with ADHD, we designed a pilot Phase II study to assess its pharmacokinetics, short-term efficacy during daytime, and safety of immediate-release mazindol in children treated with 1 mg/day for 7 days.
Subjects and methods
This open-label study (NCT00508677) was conducted from March 2008 to April 2009 at Robert Debré Hospital. Written informed consent was obtained from both parents/ guardians of each child. It was reviewed and approved by the ethical Committee (Comité de Protection des Personnes, Ile-de-france II, france), and was conducted in accordance with guidelines from the Declaration of Helsinki and the International Conference on Harmonisation guidelines for good clinical practice.
Prior to study initiation and during each visit, children and their parents met with the investigators and the clinical staff of the Clinical Investigation Center. The study included 1) a screening visit (visit 1), 2) a 10-day drug washout of all ADHD treatments (methylphenidate, other psychostimulants, and wake-promoting agents), 3) a baseline visit (visit 2), 4) followed by 7 days of treatment with a single daily dose of 1 mg mazindol per day for 7 days (visit 3 at day 7), 5) and 3 weeks' follow-up (visit 4 between day 7 and day 28) for a total of 40 days.
subjects
The screening visit (visit 1, within one week before inclusion) included clinical examination and psychiatric evaluation for initial selection of participants. The day of inclusion (visit 2): inclusion criteria were impairing symptoms of ADHD that were severe enough to require treatment change, and ADHD Rating Scale (RS)-IV (parent-reported and investigator-rated) severity score of 31 at baseline. In all cases, children were low responders to methylphenidate for at least 6 months before eligibility. Inclusion criteria also included normal physical examination, and normal cardiac function (blood pressure [BP] , pulse rate [PR], and electrocardiography [eCG] were to be within the normal range according to the physician/investigator or cardiologist). exclusion criteria were significant abnormalities revealed by physical examination, vital signs, or laboratory analysis (hematology, biochemistry including low ferritin levels), and treatment with anticonvulsants, antihistamines, or other medications that might affect the central nervous system (including psychoanaleptics or wake-promoting agents). Children with other psychiatric conditions -mood disorder, bipolar disorder, obsessivecompulsive disorder, pervasive developmental disorders (including Asperger's syndrome), sleep disorders including narcolepsy, hypersomnia (according to International Classification of Sleep Disorders criteria), tic disorders, chronic diseases (including asthma), current or history of eating disorder (eg, bulimia, anorexia nervosa), mental retardation (intelligence quotient 80), hyperthyroidism or iron deficiency (serum ferritin level 15 μg/L), seizures, glaucoma, familial hypertension, or heart pathologieswere excluded for this study.
Drug administration
The senior research pharmacist prepared blister MeMS ® (Medication event Monitoring System) for each subject, containing seven tablets of 1 mg mazindol. Drug dosage was selected in agreement with the Agence National de Securité des Madicaments et des Produits de Santé.
The first tablet of mazindol was administered in the Clinical Investigation Center on day 1 (visit 2), and the treatment was then taken every day at home for 6 days at 7 am under parental supervision. The time of drug intake was recorded by MeMS. 19 All additional medications were recorded by parents in a notebook and reported to investigators within 24 hours. Children were asked to refrain from food intake, beverages containing alcohol or caffeine/xanthine, and smoking during the study.
Efficacy
The primary outcome was the change in mean ADHD RS-IV total score from baseline to treatment end and after treatment with mazindol. The ADHD RS-IV contains 18 items in two subscales: inattention and hyperactivity-impulsivity. each item is scored between 0 (never or rarely) and 3 (very often). The ADHD RS-IV was completed at baseline and then on a weekly basis for all subsequent study visits.
Secondary efficacy assessments included the Clinical Global Impression (CGI) scale and the Conners 
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Rating Scale -Revised: Long, (CPRS-R:L); 80-items. 20, 21 The CGI was completed on a weekly basis by clinicians with the CGI -Severity (CGI-S) scale at baseline and the CGI -Improvement (CGI-I) scale thereafter at visits 3 and 4. The clinician-rated CGI-S allowed for a global evaluation of a subject's severity of illness at baseline, using a 7-point scale ranging from 1 (normal) to 7 (severely ill subjects). The CGI-I was used to assess patient improvement, also using a 7-point scale (1, great improvement, to 7, greatest severity). for the purpose of analysis, CGI-S scores were divided into two categories: improved (1, greatest improvement, or 2, fair improvement) versus not improved (all other categories). The CPRS-R:L scale was completed on a weekly basis by the parents.
Tolerability and safety
Medical history was obtained at screening. Physical examination and clinical laboratory testing (8 mL samples for hematological testing, serum chemistry analysis, and urinalysis) were conducted at screening and at each visit. Vital signs at rest (respiratory rate, BP, PR, and oral temperature) were measured at each visit immediately before (baseline) and at 1.5, 4, 8, 12, and 24 hours after drug administration. BP was measured using a standard-cuff sphygmomanometer (manual or automated was acceptable). All eCGs were analyzed by a board-certified pediatric cardiologist. eCG parameters (heart rate, PR, QRS, QT, and QTc intervals using Bazett's formula [QTc-B]) were measured at screening and at each visit. Adverse events (Aes) were recorded throughout the study in the parents' notebook and/or spontaneous reporting to the investigators during the planned visits.
Pharmacokinetics
The pharmacokinetic profile of mazindol was determined after optimization of the sampling times using the fedorov-Wynn algorithm. 22 Nine blood samples (1 mL each) were obtained at times of 0.5, 2, 4, 6 and 12 hours (day 1 [visit 2]), after administration of the first tablet, and at times of 12, 24, 36, and 48 hours, after administration of the last tablet (day 7 [visit 3]). Blood samples (2 mL) were drawn in heparin lithium tubes, immediately centrifuged, and kept frozen until analysis.
Mazindol plasma concentrations were measured using high-performance liquid chromatography with mass spectrometry detection. The calibration curve ranged from 0.5 to 10 ng/mL. The interday precision (coefficient of variation) of quality-control samples was less than 7.0% and 6.9%, respectively. The lower limit of quantification was 0.5 ng/mL.
statistical analyses
Efficacy data
Data are summarized as frequencies and percentages for categorical variables. Quantitative variables are presented as mean values ± standard deviation. Statistical analyses were carried out in children with ADHD RS-IV results at day 0 and day 7. It was planned to include 24 patients in order to obtain at least 20 patients test-worthy for statistical analysis, to show a difference of 11 in ADHD RS-IV mean score after 1 week of mazindol using the nonparametric Wilcoxon paired test with type I error 5% and power 80%.
All comparisons between scores (ADHD RS-IV, CGIs, CPRS-R:L) were performed using nonparametric Wilcoxon paired tests. More specifically, a comparison was performed between baseline (day 0) and end of treatment (day 7), and then between end of treatment and last visit (visit 4). All tests were two-sided at 0.05 significance level. All analyses were performed with SAS version 9.1 (SAS Institute, Cary, NC, USA).
Pharmacokinetic analysis
Pharmacokinetic analysis was carried out using the nonlinear mixed-effect modeling program NONMeM VI (version 2.0; Icon Development Solutions, San Antonio, TX, USA). The Laplacian estimation method with interaction option was used to estimate pharmacokinetic parameters and their variability. The M3 method was used to handle below-thelimit-of-quantification (BLQ) concentrations. 23 Several one-or two-compartment open models with firstorder elimination were compared, each with various models to describe the absorption phase. Interindividual variability of the pharmacokinetic parameters was estimated using an exponential model. A residual variability (additive, proportional, exponential, or mixed) model was selected according to improvement of objective function value (OfV) and visual inspection of routine diagnostic plots.
The effects of age, hemoglobin, hematocrit, alanine aminotransferase, aspartate aminotransferase, and serum creatinine were investigated as potential variables influencing pharmacokinetic parameters. The effect of size was investigated as a biological covariate. four measures of size were tested and compared [24] [25] [26] : total body weight (TBW), lean body weight (LBW), free fat mass (ffM), and normal fat mass (NfM). The following equations were used for estimating LBW, ffM, and NfM: 
where f fat is a special coefficient for mazindol, which was estimated by the model and WHS max is the weight height squared maximum.
for covariate analysis, the systematic covariate-analysis process and likelihood-ratio test was used to test the effect of each variable. The selection of variables was determined using a forward and backward selection process. During forward selection, a covariate was selected only if a significant decrease in OfV from the basic model was obtained (reduction 3.84, P0.05). Then, all the significant variables were included simultaneously in a "full" model. The importance of each variable was then reevaluated by backward selection. each variable was independently removed from the full model to confirm its relevance. An increase in OfV of more than 6.635 (P0.01) was required for confirmation. The resulting model was called the "final" population pharmacokinetic model, and included all significant variables.
The stability and performance of the final model were assessed using a nonparametric bootstrap with 1,000 times resampling and replacement. The values of estimated parameters from the bootstrap procedure were compared with those from the original data set. The entire procedure was performed using Perl-speaks-NONMeN (PsN). 27 The final model was also assessed by a visual predictive check (VPC) and normalized prediction distribution error (NPDe). 28 A total of 1,000 data sets were simulated using the final population model parameters. for VPC, the plot was processed by Xpose (version 4.3.0). 29 for NPDe, the plots were processed by the NPDe R package (version 1.2).
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Results
A total of 24 children aged 9.0 to 12.8 years who met Diagnostic and Statistical Manual of Mental Disorders, fourth edition, text-revision criteria for a primary diagnosis of ADHD combined subtype (predominantly hyperactiveimpulsive subtype or inattentive subtype) were included in this study. Among them, three were excluded prior to mazindol first administration, for the following reasons: inclusion-criteria violation (n=1), chronic asthmatiform bronchitis (n=1), and appendicitis (n=1). The demographic and baseline characteristics for the 21 participating children are presented in Table 1 . All were low responders to methylphenidate for at least 6 months prior to screening, with an ADHD severity score of 28 at baseline. Among them, 19 had a full mazindol pharmacokinetic profile, while two had incomplete mazindol pharmacokinetic profiles.
Evaluation of efficacy
The change in ADHD RS-IV total score from baseline after 1 week of mazindol was -24.1 (95% confidence interval [CI] -28.9 to -18.29, P0.0001), with >90% improvement from baseline. The mean ADHD RS-IV total score at baseline was 43.0±6.0, 18.9±8.4 after 1 week of mazindol, and 39.7±2.0 after mazindol discontinuation at visit 4 (last week of follow-up) (P0.0001; figure 1 ).
The mean CPRS-R:L total score at baseline (147.9±42.7) significantly decreased (95.8±40.2), with a change after one week of -52.1 (95% CI -70.9 to -34.9, P0.0001) ( figure 2). The CPRS-R:L score increased to 155.6±45.7 at the last week of follow-up, thus indicating significant alteration in the level of symptomatology of ADHD after mazindol withdrawal (figure 2).
At baseline, the mean CGI-S score in subjects was 5.6±1.2. The mean change in CGI-S score after 1 week of mazindol was -2.5 (95% CI -3.2 to -1.9, P0.01) (figure 3). 
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Only 9.5% of children (n=2) had a severity of illness of 5 after this week of treatment, and none of them had a severity of illness greater than 5. Most of them (57.1%, n=12) had a CGI-S score smaller than 4, in accordance with a clinical improvement in ADHD symptoms. Based on a CGI-I rating, 18 of 21 (85%) children were "improved" (Table 2 ). There was strong (or important) improvement in symptoms, based on a CGI-I rating. eighteen of 21 children (85.7%) were "improved", while only 2 (9.5%) were "worse" at the last study visit ( Table 2 ). The proportion of children rated as "much" or "very much" improved on the CGI-I after only 1 week of mazindol was 57.1%.
safety and tolerability
forty-six Aes were reported in 19 patients. Aes were mild (45.7%), moderate (34.8%), or severe (19.6%), but did not require treatment discontinuation. They included decreased appetite (37.0%), drowsiness (17.4%), intestinal distension (8.7%), and upper abdominal pain (6.5%). Decrease of appetite was reported as "severe" in four (22%) patients: three during day 1 and one (5.3%) at day 7. Mean weight at baseline was 35.2±8.9 kg, 34.7±8.7 kg at the end of treatment, and 35.5±9.1 kg at visit 4. No insomnia was reported. Blood pressure (systolic and diastolic), HR and eCG parameters remained unchanged between baseline, day 7, 
Notes:
There was a single follow-up visit, visit 4. The cPrs-r:l score was completed by the parents on a weekly basis, three times during the follow-up (at day 14 for the day 7-14 period, at day 21 for the day 14-21 period and at day 28 for the day 21-28 period). Box and whisker plots illustrate mean (+ sign within box), median (line through the center of box), 75th percentile (top line of box), 25th percentile (bottom line of box), 1.5 times the interquartile range (bars projecting up and down from the box), and outlier values falling outside 1.5 times the interquartile range (stars above and below box and whisker). and the end of the study. Changes in laboratory values were not significant.
Pharmacokinetics
Nineteen children (90%) had a full mazindol pharmacokinetic profile, and two had incomplete pharmacokinetic profiles (for one child, pharmacokinetic analysis was not performed after the first dose, and the sample at 12 hours after the first dose was missing for the other child). Therefore, 183 plasma mazindol concentrations were available for population modeling (73 concentrations BLQ). Mazindol plasma concentrations at a steady state (ie, 24 on day 7) ranged from 0.5 to 2.09 ng/mL. The maximum concentration (C max ) measured after the first dose was 2.99±0.73 ng/mL (range 1.56-4.23 ng/mL). The MeMS was used to record the entire mazindol dosing history, and was used in population pharmacokinetic analysis. All included children showed good adherence to the protocol, including MeMS records The addition of age to both CL/f and V/f significantly decreased the OfV in the forward selection step. ffM and age were highly related (s=0.706, P0.001, Spearman's test), and after the backward selection, the influence of ffM but not age was retained for CL/f. However, V/f was better related to age than ffM. No other potential covariates were found to be significant. Therefore, CL/f and V/f were expressed with the following equations: of the present population, which were 28 kg and 10 years, respectively. The exponents were estimated to be 1.24 for CL/f and 2.28 for V/f. The interindividual variability of both V/f and CL/f decreased from 24.5% to 11.4% and 31.8% to 24.5%, respectively, when including ffM in CL/f and age in V/f.
Routine diagnostic plots, including observed versus individual prediction, observed versus population prediction and weighted residuals versus time, indicate goodness of fit (figure 5). The ε-shrinkage was 6%. The percentage of BLQ concentrations of mazindol simulated by the model was 35%, which corresponds to an observed value of 40%. This showed good agreement between model prediction using the M3 method and observation for BLQ data.
The mean parameter estimates resulting from the bootstrap procedure agreed closely with their respective values from the final population model, indicating that the estimates for the population pharmacokinetic parameters in the final model were accurate and that the model was stable. The results of 1,000 bootstrap replicates are summarized in Table 3 . The VPC is presented in figure 5 . The prediction interval was obtained by simulating 1,000 data sets with the final model. The median concentration was well predicted by the final model. The slight misfit was observed 6 hours post-dose for high (95th percentile) and low (5th percentile) concentrations because of the limited number of samples and high variability. The NPDe is presented in figure 5 . Plots of NPDe versus time and NPDe versus population prediction showed a symmetric distribution around zero, except for the late times of the last dose. This problem was caused by omitting the NPDe of BLQ data. The final population pharmacokinetic parameters are shown in Table 3 . 
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Twenty children were included, as one child was excluded due to missing concentrations at day 1. from population estimates, individual parameters were obtained by specification of the post hoc option in NONMeM. Then, for each patient, area under the curve (AUC) 0-∞ and estimated C max after the first dose of 1 mg were derived using the model. Individual mean (standard deviation) C max and AUC at day 1 were 2.99 (0.73) ng/mL and 32.91 (7.73) hours × ng/mL. There was no significant correlation between efficacy (ΔADHD RS-IV) and C max (P=0.33) or AUC (P=0.94). Only one child had a negative change in ADHD RS-IV score and was classified as nonresponder, but he had relatively high AUC and C max values (47.07 hours × ng/mL and 4.23 ng/mL, respectively). C max or AUC were not significantly different in children with or without decreased appetite or somnolence.
Discussion
The present pilot study was conducted to evaluate the efficacy of mazindol (1 mg per day for 7 days) in children with ADHD. We observed a significant reduction in ADHD RS-IV and CPRS-R:L total scores, concordant with the clinicianrated CGI-I scale. Pharmacokinetic analysis showed that a one-compartment model with lag time and first-order absorption and elimination was adequate for data modeling. It also showed that ffM and age were significant covariates contributing to mazindol pharmacokinetic variability in children. Although frequent, adverse drug effects did not require drug interruption. No relation between pharmacokinetics and response was evidenced.
Mazindol is an imidazoisoindole derivative unrelated to amphetamine. 15, 16 It is not metabolized to an amphetaminelike compound, but acts by blocking dopamine and norepinephrine reuptake similarly to amphetamine. 17 Mazindol has previously been marketed under the brand names Teronac ® (europe) and Sanorex ® (Canada), and used in short-term treatment of exogenous obesity, in combination with a regimen of weight reduction in patients with such risk factors as hypertension, diabetes, or hyperlipidemia. [31] [32] [33] [34] Mazindol (1-6 mg/day) has also been studied in the treatment of excessive daytime sleepiness (eg, narcolepsy), [35] [36] [37] [38] [39] and in the present study, the low dose of 1 mg per day for 7 days was selected based on these previous data.
Pharmacokinetic analysis showed that a one-compartment model with lag time and first-order absorption and elimination was adequate for data modeling. The estimated CL/f was comparable to that reported in healthy adults volunteers, as Kim et al reported that an oral dose of 2 mg mazindol resulted in a mean AUC of 72.68 hours⋅ng·mL -1 in 24 healthy male volunteers, and a calculated mean CL/f of 27.5 L/hour. 40 Among the four parameters tested to express size, ffM gave the best results, which might reflect the different impact of the nonfat and fat components of weight on the mazindol hepatic metabolic rate. 24 Such expression of size might therefore be significant in children in the presence of wide variations in body-fat composition, as in our population ffM ranged from 22.9 to 47.2 kg/m 2 . In the final model, ffM was incorporated into CL/f with 
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Konofal et al an exponential relationship, estimated by the model, and not fixed by allometric scaling. Age was also a significant covariate affecting volume of distribution, which increased exponentially with age. This result should be interpreted carefully, because of the narrow age range of our children and the significant correlation between ffM and age. A larger data set over a wilder age range may give a better understanding of the changes in mazindol disposition during childhood. However, this variable should probably be considered in future studies. After 1 week of mazindol administration, all children were clinically responders to mazindol. A significant reduction in the ADHD composite score was observed both by investigators and parents. In addition, the CPRS-R:L score indicates significant change in the level of symptomatology of ADHD after mazindol withdrawal.
No correlation was evident between pharmacokinetics and response to mazindol. As previously reported, clinical evaluation of the response to psychostimulants is a challenge in patients with ADHD. 41, 42 On the other hand, systemic exposure may not reflect brain levels. In addition, genetic factors may play an important role in interindividual variability in response to treatment. The impact of polymorphisms at the dopamine-transporter gene on methylphenidate and atomoxetine response has been reported. 43, 44 However, such pharmacogenetic investigations would require a large number of patients.
Previous long-term studies have shown that neither tolerance nor dependence develop during treatment. In addition, no drug-related adverse effects have been reported in trials on narcoleptic patients, making mazindol a second-line treatment for narcolepsy with a positive effect on deficits of alertness and wakefulness. 45 In our study, although Aes occurred in most patients, they were mild or moderate, and none of them required treatment discontinuation. Decreased appetite, already reported with mazindol, 39 is consistent with a pharmacological effect of psychostimulants. 11 Similarly, cardiac function and eCG measurements remained unchanged. 41, 46 Our study has the limitations of a pilot study, as it was open-label and the sample size was small. The study was not designed to evaluate long-term efficacy and safety, but previous data have shown that treatment of children with Duchenne muscular dystrophy up to 12 months with 2 mg mazindol daily is safe, effective, and without major Aes. 47 However, the positive results are important, as all children were clinically responders to mazindol. The efficacy of mazindol needs to be confirmed in a randomized controlled trial.
Conclusion
The present pilot study of mazindol administered at the daily dose of 1 mg per day for 7 days confirms that mazindol, positioned as an interesting potent catecholaminergic reuptake inhibitor, might have a positive impact on ADHD symptoms in children. The pharmacokinetics of mazindol were evaluated for the first time in children, and pharmacokinetic population parameters can be used for dosage optimization. Our preliminary results warrant further investigations to confirm the significant improvement in ADHD RS-IV total score in children with ADHD.
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